In this paper, we introduce a mathematical model for chemical mechanical polishing ͑CMP͒ of reverse tone etchback shallow trench isolation ͑STI͒ structures. We present a detailed formulation of the model and describe CMP experiments using a newly designed STI CMP characterization mask to validate the model. A methodology for extracting the model parameters is also proposed. An improved modeling methodology that incorporates density averaging effects fits the experimental data more accurately. Finally, we use the model to predict the effects of pre-CMP step height, pattern density, polish time, pad hardness, and slurry selectivity on dishing and nitride erosion. Shallow trench isolation ͑STI͒ is an enabling process for advanced ultralarge scale integration ͑ULSI͒ technologies. It can be scaled to fine dimensions while maintaining good planarity, good latch-up immunity, and low junction capacitance.
Shallow trench isolation ͑STI͒ is an enabling process for advanced ultralarge scale integration ͑ULSI͒ technologies. It can be scaled to fine dimensions while maintaining good planarity, good latch-up immunity, and low junction capacitance. 1, 2 However, the chemical mechanical polishing ͑CMP͒ process is density dependent, 3, 4 and single-step STI CMP can lead to significant oxide dishing and nitride erosion problems. Hence, an additional etchback step is commonly used before CMP to remove the overburden oxide over large active areas. The resulting CMP process is concerned only with removing the excess oxide in the trenches until the oxide reaches the same level as the nitride. This is a complicated process that depends on the relative removal rate of the oxide in the trenches and the nitride barrier in the raised area, which are both density dependent. There are currently no existing models for reverse tone etchback STI CMP, even though models for single-step STI CMP 5 and process control methods exist. 6 In this work, a mathematical model for reverse tone etchback STI CMP based on density and step height dependent oxide and nitride removal rates is presented.
The model presented here builds on previous work. Stine et al. demonstrated the strong relationship between CMP removal rate and pattern density. 3 Smith et al. described integrated pattern density and step height models for oxide CMP. 7 Tugbawa et al. developed a removal rate vs. step height model for dual-material damascene CMP. 8 The reverse tone etchback STI CMP model presented here is an adaptation of Tugbawa et al.'s dual-material damascene CMP model, which greatly simplifies the analysis of reverse tone etchback STI CMP.
Model Formulation
Chemical mechanical polishing achieves global planarity through a combination of chemical action from the slurry and mechanical action from the polishing pad and slurry particles. The slurry chemistry can be adjusted for varying degrees of selectivity between different materials, but the contact between the polishing pad and the wafer is believed to be the main mechanism for removing the local step height to accomplish planarization. In STI CMP, we are interested in changes in step height ͑especially dishing͒ and nitride erosion. This makes a step height based model a convenient starting point. When analyzing step height changes, we are not concerned with the details of the physical or chemical aspects of CMP; instead, we seek an effective and efficient model capturing the net effect of all contributing factors. From the measurement point of view, changes in local step height are easily made and used here to develop and confirm the STI CMP model. Figure 1 shows the cross section of a reverse tone etchback wafer before and after CMP, and we use it to define step height and nitride erosion as follows. The local step height is the vertical distance between the top of the nitride and the top of the oxide. It is positive when the oxide is above the nitride, and negative when the oxide recesses below the nitride. Negative step height is also known as dishing. Nitride erosion is simply the amount of nitride loss due to CMP.
The model is explained graphically in Fig. 2 , which shows how the oxide and nitride removal rates on a reverse tone etchback STI wafer change with step height. Polishing progresses from the right to the left of the graph as indicated by the arrows. Following the work of Grillaert et al., 9 if the initial local step height is very large, the pad will not contact the down area ͑nitride͒ initially, and there will be no down area polishing. The up area ͑oxide͒ polish rate is density dependent and is given by the expression RR ox ϭ K ox /1 Ϫ, where K ox is the blanket oxide removal rate, and is the nitride density. As the wafer polishes, only the up areas are polished and this causes the local step height to decrease. At some critical step height denoted by d max , the pad just touches the down area. Additional polishing further reduces the local step height which increases the force of contact between the pad and the down area while it decreases the force between the pad and the up area. This causes the down area removal rate to increase and the up area removal rate to decrease. For simplicity, the model assumes that the down area removal rate increases linearly and the up area removal rate decreases linearly with decreasing step height. When the local step height is zero, we postulate that the down area removal rate is equal to K nit , the blanket nitride removal rate. Similarly, the up area polish rate is equal to K ox , the blanket oxide removal rate. Overpolishing causes dishing to occur. As long as the oxide removal rate is higher than the nitride removal rate, the amount of dishing increases with polish time. Eventually, the oxide removal rate and nitride removal rate become equal and steady-state dishing occurs. We denote this point by d ss .
From Fig. 2 we can formulate the equations for the oxide and nitride removal rates as follows Oxide removal rate
͓1͔
Nitride removal rate
where H is the step height, K ox is the density-independent oxide removal rate, K nit is the density-independent nitride removal rate, is the effective pattern density, and d max is the pad deformation limit. Using these equations, expressions for the steady-state dishing, step height, and nitride erosion can be derived. The expression for steady-state dishing can be obtained by equating Eq. 1 and 2
The rate of change of step height is given by the difference in the oxide and nitride removal rates
Integrating this gives the expression for step height
where the exponential time constant and the touch down time t c are given by
The exponential time constant, , is a measure of how fast a given process can achieve planarity. The touchdown time, t c , is the amount of polishing required before the pad contacts the down areas. The local step height before CMP is given by d 0 . The above expressions are valid in general, but for the case that d 0 Ͻ d max , we can simplify Eq. 5 to
The expression for nitride erosion can be similarly derived by integrating the nitride removal rate in Eq. 9 to find
we can simplify Eq. 10 to
Mask Descriptions
The STI CMP characterization mask set used here is designed for CMP consumable, process, and tool characterization and evaluation. Each mask is designed to produce a 21.095 ϫ 21.095 mm die. The first mask is the positive mask, and is made up of STI structures and sample devices arranged as shown in Fig. 3 . Figure 4a shows a 
close-up of the positive mask. The dark squares in the clear field mask represent where the silicon is not etched, so that vertical posts with square cross sections to emulate STI structures are formed. The length of the active areas ͑x͒ and the ''width'' of the trenches ͑y͒ are indicated as shown. Within each cell on the mask, the active area lengths and trench widths are the same. Figure 3 shows a schematic of the STI CMP characterization mask. There are altogether 36 cells, and the active area length and trench width of the STI structures in each cell are indicated as shown, e.g., 1/500 indicates a 1 m active area length and 500 m trench width. The structures in rows 4, 5, and 6 have active area lengths of 100, 1, and 0.4 m, respectively, while the trench width varies from 1000 to 0.25 m from column A to F as shown. Cells 1A, 1B, 2A, and 2B are similarly designed. These cells are useful for studying the effects of active area size and trench width on polishing. Cells 1aC, 1bC, 2aC, and 2bC are fine pitch structures, where x ϭ y in each cell, but the pitch ͑defined as x ϩ y͒ varies from 0.5 to 2 m. Together with cells 4C and 5E, they are useful for investigating the effect of pitch on polishing. Cells D1, D2, and E1 contain sample patterns from a flash memory, static random access memory ͑SRAM͒, and logic circuit, respectively. They are useful for comparing the results from polishing the emulated STI structures to those from real-life structures. Cell F1 consists of 7000 Å long lines in varying linewidth and line space combinations. It is particularly useful for studying the trench fill capabilities of the deposited oxide.
Of particular interest in this work are the step density structures along row 3. The pitch in these structures is 80 m while the active area lengths and trench widths vary to produce pattern densities that range from 10 to 75%. We define density as
The difference in density between adjacent cells is designed to be large to better capture density averaging effects during polishing. 4 The second mask ͑Fig. 4b͒ is a dark-field mask which is a negative of the first mask, except that ͑i͒ STI structures with active area lengths less than or equal to 1 m are not reproduced; ͑ii͒ a negative bias of 0.2 m is applied to the remaining structures to shrink the dimension of the reverse tone feature. Hence, only the nitride above the large active areas are exposed after etchback. Since the area of nitride that is exposed after etchback is generally large compared to the area of the oxide remaining on the active areas ͑these are the small 0.2 m raised oxides over active areas created by the negative mask bias͒, the density of the exposed nitride can be approximated by the designed pattern density.
Experimental
Several STI CMP experiments are performed by polishing patterned 8 in. silicon wafers for varying amounts of time. The newly designed STI CMP characterization mask set is used to pattern the wafers. In addition, experimental splits involving different types of polishing pads and polishing tools are performed. Optical film thickness measurements of the oxide and nitride layers are taken and used to calculate the step height and nitride erosion to fit the model.
Nineteen STI wafers are prepared by first growing 90 Å of pad oxide, followed by depositing 1075 Å of silicon nitride, and finally depositing 320 Å of silicon oxynitride ͑SiON͒ onto bare silicon wafers. The wafers are then patterned using the positive mask. Subsequently, the wafers are anisotropically etched until trenches with a depth of 3500 Å in silicon are formed. 7000 Å of high density plasma ͑HDP͒ oxide is then deposited and sputter-etched back to 5800 Å. Following this, the wafers are patterned using the reverse tone mask, and the oxide in the large active areas is etched back to expose the nitride.
The above trench depths, layer thicknesses, initial step heights, and process stack, including the use of a thin SiON layer, are based on previous manufacturing optimization of the STI process. The SiON serves as an antireflective layer for lithography. Because the SiON layer is very thin and has a polish rate similar to that of the deposited oxide ͑and is modeled here using the same polishing rate K ox as for the HDP oxide͒, the results presented here should be comparable to those using more conventionally reported pad-oxide/ nitride/oxide stacks without the SiON layer. Table I summarizes the three different CMP processes used to polish the wafers. Seven wafers are polished using process A, which uses the IC1000/SubaIV stacked polishing pad on the Applied Materials Mirra polisher; seven wafers are polished using process B, which also uses the Mirra tool but with an IC1000/Solo hard polishing pad; and five wafers are polished using process C, which uses the IC1000/TW817 polishing pad ͑similar to the IC1000/Solo pad͒ on a Lam Research Teres linear polisher. Processes A and B polish wafers using 63 rpm platen speed, 57 rpm head speed, and 2.8 psi pressure. Process C uses 125 fpm belt speed and 7 psi pressure. All three processes use standard silica-based SS-25 slurry with 1:1 dilution in deionized water. The choice of these three processes allows us to compare the effects of pad and tool types on dishing and erosion.
Wafers in each process are polished for varying amounts of time. Oxide thickness in the trenches and nitride thickness in the exposed active areas are measured before and after CMP using optical film thickness measurement tools such as the Nanospec 8000 or the KLA Tencor UV1280. Measurements are taken from the center die of each wafer, and from the center of each cell in the step density region, resulting in 12 measurements per wafer.
Parameter Extraction Methodology
We extract the model parameters by minimizing the sum-squared error ͑SSE͒ between the model and the measurement data for each process. Although five variables are used in the model, only three are necessary to completely model each process: K ox , K nit , and either , d ss , or d max , assuming we know from the layout. In this work, K ox , K nit , and are used for fitting. From these variables, the values of d ss and d max can be calculated
For each process, K ox and K nit are independent of polish time or pattern density, whereas is a function of density.
In this work, we assume initially that d 0 Ͻ d max so we can use the simplified expressions for step height and nitride erosion in Eq. 8 and 11. We show later that this assumption is valid. Using Eq. 8 and 11, we can express the local step height H i (t j ) and the amount of nitride erosion E i (t j ) for each density region i and polish time t j explicitly in terms of the chosen variables where the densities i are the effective densities at the measurement points, and we calculate them using the density averaging methodology described by Ouma. 4 The optimization process is shown graphically in Fig. 5 . The layout is first discretized into 37 m cells using SiCat™. The output is a 570 ϫ 570 matrix ͑21.090 ϫ 21.090 mm effective size͒, where each element in the matrix represents the average density in a corresponding 37 ϫ 37 m area on the layout. In those locations where the length of the active area is less than or equal to 1 m, the corresponding location in the matrix is replaced with zeros. This is because the HDP oxide deposition used planarizes these small features. In addition, reverse tone etchback is not performed on these features, so the exposed nitride density is effectively zero.
The parameter extraction procedure is initialized by choosing an arbitrary value for planarization length ͑PL͒. The planarization length determines the size of the density weighting ͑averaging͒ window function. An elliptical averaging function is then used to calculate the effective density of the die ͑as seen by the polishing pad͒ by convolving the elliptical function with the discretized die layout. The effective density for each measurement site can then be found. Finally, using the measurements and the effective densities, a multivariate optimization that minimizes concurrently the sum-squared error for step height and nitride erosion is performed to find K ox , K nit , and . This process is repeated until the planarization length that minimizes the total sum squared error is found arg min
where I ϭ 6 is the number of structures measured on each die, and J ϭ 7 ͑processes A and B͒ or 5 ͑process C͒ is the number of wafer time splits considered. For each process, we thus have I ϫ J ϭ 42 ͑processes A and B͒ or 30 ͑process C͒ total measurements which we use to fit I ϩ 2 ϭ 8 model parameters. The quality of the fit is determined by calculating the root-mean-square ͑rms͒ errors between the model and the experimental data for step height and nitride erosion.
Results
The rms errors for step height and nitride erosion for each process and pattern density are summarized in Table II. This table also lists the total rms error for each process, which is defined as 
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The total rms error is a simple measure of the overall fit error. With a few exceptions, the rms errors obtained are less than 50 Å. Hence, the results show that the model fits the experimental data with good accuracy.
The extracted values for K ox and K nit , and the calculated oxide to nitride selectivity are summarized in Table II . We define the oxide to nitride selectivity as the ratio of the density-independent removal rates
The results show that selectivity is almost the same for process A and B and only slightly smaller for process C. It seems that selectivity depends very weakly on the pad or tool type, and depends primarily on the type of slurry used. However, the selectivity for all three processes is higher than the selectivity obtained by polishing blanket oxide and nitride wafers using the same processes. For example, the selectivity obtained using the latter method ranges from 2.4 to 2.8, but the extracted values are much higher ͑3.49 to 3.72͒. The dependence of on pattern ͑nitride͒ density and process is shown graphically in Fig. 6 , where decreases with increasing density. Since is a measure of how fast planarization occurs, this shows that structures with higher pattern density achieve planarity faster. This appears correct because the oxide removal rate is inversely proportional to oxide density so in the large pattern density areas ͑small oxide density͒, the oxide removal rate is high. Figure 6 also shows that process C has the smallest values for regardless of density.
Model Based Interpolation and Extrapolation
In this section, several additional modeling results are discussed which explore the effect of pattern density, initial step height, and slurry selectivity on post-CMP step height and nitride erosion uniformity. All of the modeling results in this section are based on CMP model calculations using the extracted parameters from the experiments discussed earlier. The effects of pattern density first presented can thus be considered interpolations by the model across a full range of pattern density. Predictions of the effects of initial step height and slurry selectivity are extrapolations based on the model, and are intended to provide insight for future optimizations of the CMP process.
Variations in pattern density cause uneven polishing within a die. The impact of this on polish uniformity is illustrated in Fig. 7 , which shows step height and nitride erosion as a function of polish time for each of the three processes A, B, and C. The graphs show that initially, step height decreases most rapidly for the high pattern density regions and as polishing progresses, the step height levels off. This is because initially, the high features supporting most of the polishing pad are the oxide in the trenches. In the high pattern density regions, the oxide density is small, hence the oxide removal rate is high. This causes the local step height to decrease very rapidly. During overpolishing, the polishing pad is supported mostly by the nitride areas. In the high pattern density regions, the amount of pad deformation into the trenches is small. Hence, the step height rapidly converges to d ss .
Another interesting observation is that the spread in local step height across regions with different densities increases initially, then decreases to a minimum, and finally increases again as shown. Hence, the model shows that there is an optimal polishing time at which the spread in step height is minimum regardless of density. Similar results are obtained for nitride erosion. This is intriguing because this shows that in order to obtain good within-die uniformity, some step height ͑dishing͒ and erosion must be permitted. Unfortunately, the model also shows that the polish time that minimizes the spread in step height is different from the polish time that minimizes the spread in nitride erosion. Hence, there is a compromise between step height and dishing uniformity. Recall that step height is measured relative to the top of the nitride surface. Hence, variations in nitride erosion and step height sum together to give variations in the final oxide thickness in the trenches. Figure 8 shows how the pre-CMP step height might be expected to affect the spread in step height, the step height at which the spread is minimum, and the polish time at which this minimum occurs. The step height curves are based on the model parameters for process A, and are predictions for initial step heights of 1000, 2000, and 4000 Å. The corresponding graphs are shown in Fig. 8a , b, and c, respectively. Several important observations can be made from Fig. 8 . First, increasing the initial step height decreases polish uniformity across different densities. This can be seen by comparing the largest vertical distance between the lowest density curve and the highest density curve before the minimum spread is reached. Figure 8 shows that the spread in step height in the initial polish phase is largest when the initial step height is 4000 Å, and smallest when the initial step height is 1000 Å. Alternatively, the difference in time at which the step height is zero for the lowest density curve and the highest density curve can be measured. The size of this ''overpolish window'' is a good indicator of how uniformly polishing occurs across different densities. The overpolish window is largest when the initial step height is 4000 Å as shown.
Second, increasing the initial step height increases the amount of dishing at which the spread in step height is minimum. The arrows in Fig. 8 mark the points at which the spread in step height is minimum. The average amount of dishing ''penalty'' is about 600 Å for d 0 ϭ 1000 Å, 750 Å for d 0 ϭ 2000 Å, and 1000 Å for d 0 ϭ 4000 Å. The spread in dishing at these points also increases with increasing initial step height. Thus, the model predictions indicate that it is desirable to make the initial step height as small as possible. Having a small initial step height decreases the spread in step height and consequently the amount of overpolishing required. It also reduces the amount of dishing ''penalty'' in order to obtain uniformity across a range of densities. Finally, a small initial step height reduces the polish time required to reach the minimum spread in step height.
Standard silica-based slurries commonly used in STI CMP have oxide to nitride selectivities that range from 2:1 to 5:1. To obtain high wafer throughput in manufacturing, the amount of time spent polishing each wafer is reduced by increasing the polish rate. As a result, the nitride removal rate is high, with values that range from a few hundred to more than a thousand angstroms per minute, depending on the process conditions used. The high nitride removal rate can cause significant nitride erosion to occur, especially during overpolishing. This may in turn damage the silicon active area underneath the nitride. Hence, high selectivity slurries are of great interest, and slurries with greater than 200:1 selectivity have been developed. 10 High selectivity to nitride can be obtained by dramatically reducing the nitride removal rate to tens of angstroms per minute while maintaining a high oxide removal rate. Figure 9 shows model predictions of the effect of selectivity on polish uniformity, using the model parameters for process A. The resulting predicted step height and nitride erosion curves for process A are shown. Figure 9a is plotted using the values of K ox and K nit in Table II (selectivity ϭ 3.72:1). Figure 9b is plotted using the same K ox but K nit ϭ 0.01 ϫ K ox (selectivity ϭ 100:1).
Comparing the step height plots shows that increasing the oxide to nitride selectivity is predicted to improve polish uniformity by reducing the spread in step height and the size of the overpolish window, and the polish time needed to reach the minimum spread in step height. However, it increases the dishing ''penalty.'' The steady-state dishing also increases as expected from Eq. 13.
Comparing the nitride erosion plots shows that predicted nitride erosion is reduced dramatically as expected. Notice that the vertical scale for nitride erosion in Fig. 9b is larger. Thus, the model predicts that using high selectivity slurries does improve CMP performance by reducing the polish nonuniformity due to pattern density effects and by reducing the amount of nitride erosion. However, excessive overpolishing can result in more dishing than if lower selectivity slurry is used.
Conclusion
A reverse tone etchback STI CMP model incorporating density averaging effects has been developed and validated using experimental data. The model confirms that die-level density variations cause polish nonuniformity. Model predictions indicate that polish uniformity can be further improved by reducing the pre-CMP step height and by using slurries with high oxide to nitride selectivity. Furthermore, the model predicts that the density effects on polish uniformity can be almost completely eliminated by slightly overpolishing the wafers. Although some dishing occurs as a result of overpolishing, almost constant dishing across a range of densities can be achieved. The contribution of nitride erosion variations to post-CMP nonuniformity is small, especially when high selectivity slurries are used. In addition, it is shown that having a smaller initial step height also improves polish uniformity.
Accurate film thickness prediction during CMP is useful for many applications. The results from the modeling can be used for process improvement and optimization. One such application is to determine the optimal film thickness that must be deposited for any given planarization requirement. The model can also be used to rapidly characterize existing and new processes. These results can be used to predict the optimum process conditions ͑e.g., film thickness, polish times͒. This reduces the amount of guess work needed to optimize the CMP process, which shortens process development time and reduces consumable waste. These time and cost savings can be substantial for a typical manufacturing plant.
